Specimen handling is a critical patient safety issue. Problematic handling process, such as misidentification (of patients, surgical site, and specimen counts), specimen loss, or improper specimen preparation can lead to serious patient harms and lawsuits. Value stream map (VSM) is a tool used to find out non-value-added works, enhance the quality, and reduce the cost of the studied process. On the other hand, healthcare failure mode and effect analysis (HFMEA) is now frequently employed to avoid possible medication errors in healthcare process. Both of them have a goal similar to Six Sigma methodology for process improvement. This study proposes a model that integrates VSM and HFMEA into the framework, which mainly consists of define, measure, analyze, improve, and control (DMAIC), of Six Sigma. A Six Sigma project for improving the process of surgical specimen handling in a hospital was conducted to demonstrate the effectiveness of the proposed model.
Laboratory testing process of patient care from the beginning to the end [7] .
A structural approach that integrated Six Sigma and Total Quality Management and continuous quality improvement to improve the quality of patient care was reported [24] . Feng and Antony [4] integrated the data envelopment analysis into each phase of DMAIC to improve the efficiency measure in healthcare service, thereby optimizing and enhancing resource planning and financial revenue in the long term. All the aforementioned applications suggest that innovative combinations of Six Sigma methodology and other approaches can be the key to the success.
Value Stream Map
Value stream map (VSM) is a visual, simple, but powerful tool and an important component of a Lean production system. In VSM, a few efficiency indexes of process operation are used to compare the efficiency or estimate the waste between different processes. Process cycle efficiency (PCE) is often used and described as follows:
where VA time, value-added time, is the necessary activity time for products or services based on customer's viewpoint. Total lead time is the time spent from the beginning to the end of the whole process.
In recent years, VSM has attracted the attention of the healthcare community. Several researchers used VSM to optimize clinical workflows and improve the efficiency of healthcare process. Grove et al. [25] utilized VSM and revealed that 65% of the subprocesses in the visiting service process are waste in the National Health Service of UK, and the project team then redesigned a new process map to remove the waste works. A previous study [26] listed five major benefits of using VSM and used them to develop a system mapping and analysis method for Bozeman Deaconess Hospital. Through that method, the managers can visualize and better understand the medication delivery system and reduce waste from a systematic perspective. Carter et al. [27] developed a Lean improvement program, including the use of VSM, to improve the clinical operations at Komfo Anokye Teaching Hospital in Ghana. They also used the program to identify the eight lessons learned to aid future global emergency medicine system initiatives for low-to middle-income countries. These studies suggest that VSM is a helpful and workable tool to reduce waste and enhance process efficiency.
Healthcare Failure Mode and Effect Analysis (HFMEA)
In 1998, the US Veterans Administration National Centre for Patients Safety developed the HFMEA method based on its own root cause analysis program and the US Food and Drug Administration's Hazard Analysis and Critical Control Point tool [28] [29] [30] . In 2000, the US Joint Commission on Accreditation of Healthcare Organization (JCAHO) recommended HFMEA in healthcare process analysis to avoid possible medication errors. After 2002, JCAHO began to request its affiliated medical institutions for analyses of high-risk medical processes every year [31] . Thereafter, anticipative risk analysis has been generalized in medical processes [32, 33] [34] . Several actions was implemented to reduce medication errors in the process of drug prescription, validation and dispensing [35] . Kuo et al. extended HFMEA to explore the impacts of geriatric outpatient service process failures on elderly patients. Moreover, HFMEA was employed to reduce the probability of failure in the oral chemotherapy order, review and administration process in order to reduce oral chemotherapy-related prescribing errors [36, 37] .
To conduct an HFMEA procedure, five main steps are adopted and described as follows:
1. Define the HFMEA topic. 2. Assemble the team. Our team members include chief and head nurse of operating room, surgeon, nurse practitioner, leader of pathology department, leader of information technology, quality manager of quality management center. 3. Describe the process graphically. 4. Conduct a hazard analysis.
For each sub-process, all potential failure modes are listed and illustrated. The severity and probability of the listed possible failure modes are determined based on pre-set criteria. The severity score is used to measure the levels of potential failures that can negatively affect patients or patient care, in terms of four degrees: catastrophic (4 points), major (3 points), moderate (2 points), and minor (1 point). The probability score is used to evaluate the frequency of possible failure. Based on the definitions in a previous report from the National Centre for Patient Safety in 2001, this score is rated as follows: frequent (several times in 1 year, 4 points), occasional (several times in 2 years, 3 points), uncommon (sometimes in 2 years to 5 years, 2 points), and remote (sometimes in 5 years to 30 years, 1 point). The scores of severity and probability are multiplied together to obtain the hazard score. By considering the hazard score and criticality, controllability, and detectability, a HFMEA decision tree is generated to help determine the actions of improvement to be taken in the succeeding steps. 5. Define actions and outcome measures.
Integration of VSM and HFMEA into Six Sigma Methodology
A project can be faultlessly executed from define phase to control phase using Six Sigma methodology. Various suitable tools are available for each phase of the DMAIC model to facilitate smooth project implementation. Although VSM and HFMEA have been applied in many areas, this study tries to demonstrate that healthcare professionals could enhance the usefulness of Six Sigma and deliver better healthcare service (through reducing medical errors and processing time) with the incorporation of VSM and HFMEA. The integrated DMAIC structure is shown in Table 1 . The proposed method is expected to reduce risks, lower costs, and enhance the safety of specimen collection and transportation process in hospitals. In addition, this model is expected to benefit implementation of Six Sigma in terms of the following: (1) providing measure and analysis tools to reduce waste and prevent risk, (2) evaluating each step of all processes and sub-processes to avoid neglecting the information which is not obtained from the data analysis, (3) being able to analyze each sub-process based on experiences of participating departments through the regular discussion in the cross-sectoral team, and (4) being able to systematically and structurally analyze the problem and reduce unnecessary steps to make the managerial approval of the improvement solutions easy.
RESULTS
This study was reviewed and granted a waiver by the Institutional Review Board of the Cathay General Hospital, Taipei, Taiwan.
Define Phase
Based on the Pareto principle introduced by Vilfredo Pareto and applied by Joseph Juran to Quality Management methodology, the project team focused on the specimens collected from surgical and clinical surgeries, which accounted for most of the specimens submitted for testing in the hospital. After a thorough investigation with the medical personnel of the hospital, the project team identified the primary issues. Team members analysed the surgical specimen collection and transportation processes by qualifying and quantifying the voice and demand of the internal and external customers before setting the output measurement indicators and targets (Table 2 ). Table 2 shows that the important characteristics related to the process of specimen collection and transportation include rejection rate, number of lost specimens, specimen labeling errors, and incomplete or discrepant specimen requisition form. Figure 2 illustrates a high-level process map that can provide the visualization of the process. In Six Sigma implementation, we usually use a high-level process map SIPOC (Supplier-InputProcess-Output-Customer) diagram to better understand a process and to identify the project scope. By using SIPOC diagram, we develop a macro point of view, and allow gradual addition of detailed thoughts based on the diagram. Table 3 shows the operation definitions of the process outputs (y). To ensure the accuracy of the data analysis, the consistency of the measurement system must be confirmed before the measurement procedure. Given that the number of the rejected surgical pathology specimens belongs to attribute data, the Kappa analysis was performed to confirm the measurement system. An experiment was conducted by three pathology nurse practitioners (A, B, and C) with 10 testing specimens that include three accepted and seven rejected specimens and two duplications, to calculate the Kappa coefficient. The Kappa analysis showed that the measurement results between nurse practitioners A and B were fairly consistent with the Kappa coefficients > 0.75. However, the measurement consistency between nurse practitioners A and C as well as between B and C needed improvement. The team also conducted an agreement analysis of the measurement results and the true values of the testing specimens by Minitab application. The assessment agreement percentage of nurse practitioners A, B, and C Fill the formalin based on the specimen size.
Measure Phase
The pathology personnel check the specimens.
Transport the specimen container to the pathology department.
Pretreat the specimen, take pictures, and record the type and the number of the specimen (for large specimens).
The surgeon refers the obtained specimen to the scrub nurse.
Input Process
The surgeon explains the condition to the patient's family.
Fill in the specimen label and requisition form.
The copy of the requisition form and the specimen are sealed together and stored in the refrigerator.
Output Customer
Pathology department
The scrub nurse refers the specimen to the circulating nurse.
The circulating nurse identifies the part and the number of the specimens with the resident, intern, or ONP, and refers the specimens to them.
Requisition form Zipper bag (containing the requisition form copy and the specimen)
Doctors Scrubbing nurses Circulating nurses
The original requisition form is kept at the OR reception area.
The specimens are stored in the refrigerator to be picked up at 8 a.m. and 12 p.m. and transported to the pathology department together after containerizing the specimens.
Figure 2.
Scope of the project were 95%, 95%, and 85%, respectively. The percentage indicates that the measurement results of nurse practitioners A and B demonstrated high consistency with the corresponding true values, whereas those of nurse practitioner C needed consistency improvement. After appropriate trainings, the consistency of nurse practitioner C was improved. The measurement system was then considered acceptable. Next, a data collection plan was developed to collect the process output (y) related data. The specimen rejection rate was 0.92%. The specimen rejection rate is defined as the total number of the adverse events, including specimen labeling error, incomplete specimen requisition form, missing specimen or requisition form, inconsistency between the specimen collected and specified in the requisition form, difference between the numbers of original requisition forms, divided by the number of specimens received. The team members consensually set the goal to reduce specimen rejection rate by 50% to 0.45%.
Finally, the project team created a VSM ( Figure 3 ) to lay out the process between specimen retrieval from the patient and processing in the pathology lab in terms of time spent on each procedure. The process primarily involves specimen retrieval, verification, preservation, transportation, and receipt confirmation, where the VA and NVA works consumed 3,792 and 43,230 s, respectively, and the PCE was 8.06% before improvement ( Figure 3 ). PCE lower than 10% indicates that the efficiency of process needs improvement.
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Analyze Phase
The team analyzed the rejected specimens through proper use of tools to determine possible root causes and to identify the critical causes responsible for the rejection rate. According to the data collected at the measure phase, specimen labeling errors and incomplete specimen requisition forms were the major causes of specimen rejection. Through interviewing the healthcare providers directly involved in the specimen handling process, the project team identified the contributing factors for the major causes, which included lack of discipline in completing surgical records, lack of immediate double check of data accuracy, and lack of inspection mechanism as well as insufficient labor force. Based on Figure 3 , a summary of the transportation process of pathology specimen is listed in Table 4 . The waiting time between specimen preservation in a refrigerator and delivery to the pathology department is the major cause of the poor performance of PCE (Table 4) . Before the specimens reach the pathology department, they are usually stored in the refrigerator and delivered only twice a day, after 8 am and 12 pm. The average of such waiting time is 12 h. The long waiting time can result in possible delay in diagnosis; therefore, increasing the number of delivery times can be a solution to reduce waiting.
The specimen rejection rate revealed the existence of failures in the process; thus, the project team applied HFMEA to analyze the potential failure modes. After referring to the current specimen collection and transportation process and interviewing related personnel, the project team drew the full description of the process (Figure 4) . A hazard analysis was performed to evaluate all possible failure modes, and these results were examined by the logic of decision tree to determine whether the sub-processes should further continue. A few exemplar HFMEA tables are shown in the Appendix. Table 5 presents a summary of the major failure modes of each sub-process that cause specimen rejection. These major failure modes provide specific directions for the improve phase.
Improve Phase
On the basis of the analysis results obtained from the analysis phase, the project team developed improvement solutions for implementation. The approved solutions included the following measures. The first stage:
• Set up required fields on the pathology requisition form and develop policies to ensure that the detailed specimen description, such as the anatomical part of the body and specimen number, is correctly recorded.
• Require signatures of both the person delivering the specimen and the doctor in charge to identify the responsibility of specimen error. • Modify standard operation procedures, standardize specimen labeling, and promote timely specimen handling and provide appropriate training for the medical personnel involved in the process.
• Specify the methods for counting and packaging specimens to ensure the accuracy of the specimen number and the integrity of the specimen.
• Use security stickers to package the specimen and ensure that the specimen is secured.
• Change the pick-up schedule for the nurse assistant in the OR from two times a day to three times a day (8 am, 12 pm, and 5 pm) to reduce the specimen average storage/waiting time to 8 h.
• Replace the existing specimen storage refrigerator to avoid stacking of specimens.
• Establish the appropriate mechanisms for specimens return to shorten and simplify the process. Rejected specimens are not sent back to the requesting units to avoid adverse events during transportation.
The second stage: Information like data of patients and specimens should be recorded in the transporting process. However, this might increase the recording error and time in handwriting. Many studies suggested to use new technologies (e.g., barcode reading) to minimize the possibility of human error, and education on medical safety [11, 15] . To reduce these undesirable drawbacks, a "Surgery Specimen Management System (SSMS)" was established, and a bar code technology was used to track all processes. The detailed system procedure is presented as below: 1.
Login the SSMS and fill in the requisition form. The e-requisition form is designed based on the original hard copy form. The operation information, such as the patient's name, the chart number, the surgical procedure, and the surgical site, is automatically entered into the e-requisition form. Furthermore, some items are set as the required. If one required filed is omitted, the system will show the alert window to remind the user. HFMEA procedure for the specimen handling process. 
2.
Auto-print the information label. After completing the e-requisition form, the requisition hard copy and the major specimen information is printed out on labels automatically, including the patient's name, the specimen site, number, and inspector, and the specimen bar code tags are created. The bar code tag's information is linked to e-requisition form, and the tags are attached to the specimen cans and sealed bags. 3.
Inbound management. Set a designated refrigerator and only attending physicians, resident and nurses are authorized to access this refrigerator. When they put the specimen in this refrigerator, they need to log in the system and scan the bar code of the sealed bag to complete the specimen inbound. When the bar code is scanned, the inbound time is automatically recorded in the system. 4.
Outbound management. Only the operation nurse has this authority. The operation nurse logs in the system and scans all required specimen bar codes to execute the outbound operation. These specimens are put into a specified delivery box with the operation head nurse's confirmation before being delivered to the pathology department.
5.
The specimen management platform. After the specimen information is recorded, all related departments can inquire and view the specimen condition in real time through the information system. 6.
Confirm and sign for specimens. After the pathology department personnel receive the specimen, they login the system and scan the bar code on the sealed bag to sign for receiving the specimen and check its records. In case unusual events occur, these data will be recorded and the system will alert relevant personnel. 7.
Quality management. To strengthen quality management, the system automatically generates 20 quality indicators, such as daily number of specimen inspection, daily number of rejected specimens, and transportation time, for the operating room, pathology department, and surgeon. A partial pilot implementation of these approved improvement measures was conducted before the comprehensive implementation. After a month of implementation, the specimen rejection rate significantly dropped to 0%, indicating that the improvement measures can actually benefit the process and achieve desired goal. The waiting time also decreased from 12 h to 8 h.
Control Phase
According to the 2013 annual report of the Taiwan Joint Commission in charge of the Taiwan Patient Safety Reporting System [38] , in the specimen handling process, 59.6% of the surgical specimen errors occurred before transporting to the pathology for examination, and 45.2% of them are related to specimen labelling, including 23.6% of missing label and 21.6% of wrong label.
A significant decrease in the specimen rejection rate occurred after the implementation of the improvement measures ( Figure 5 (Table 6 ).
Proper trainings were widely provided to the healthcare personnel involved in the specimen handling process. The responsibilities of the personnel in charge of each process were clearly defined, and the standard operation procedure was strictly followed to achieve effective improvement. Finally, the project team transferred the improved process to the process owners to sustain the results and continue monitoring the process.
Benefit Analysis
Reducing the error risk in specimen handling process is imperative for patient safety. By decreasing the specimen rejection rate, the potential health risk cost can be reduced. Considering the assumption that the average yearly specimen rejections are 150 and each rejection costs $12.7, which includes medical supply fee, transportation and labor cost of transportation and examination, a yearly saving of cost and rejection handling time of $1,900 and 175 h, respectively, can be achieved. The cost of handling the rejected specimens is low, but it might lead to malpractice litigations if the specimens are mislabeled or lost.
The average compensation for medical malpractice was USD $7,500 for errors involving specimen mislabeling and transportation problem, based on an official statistics in 2004 [39] . In Taiwan, three major adverse events, including loss of specimens and allegedly switched specimens, led to malpractice as well as misdiagnosis. The average compensation for each event was USD $380,000 and listed as the key issue of patient safety accreditation [40] . Furthermore, such events often The second stage improvement
The second stage target
The first stage target Figure 5 . Improvement run chart of the surgical specimen rejection rate damage the financial status and the image of the hospitals and healthcare staff as well as physician-patient relationship [40] . Therefore, it is highly important to actively engage in process analysis and improvement to totally eradicate such error. The integrated DMAIC structure is helpful in creating a high-quality healthcare environment, improving satisfaction of patient and their family, and reducing the risks and disputes between patients and hospitals.
DISCUSSION
In the healthcare environment, all hospitals strive to provide a safe and quality environment for patients. Hospitals are facing all kinds of challenges every day, where no error is tolerated. This is why medical malpractice has been a main concern for all hospitals. The specimen handling process is critical for doctors to provide correct diagnosis. Any mistakes during the process may lead to misdiagnosis and improper treatment. Therefore, zero defect for the specimen handling process is the ultimate goal for all hospitals. Earlier studies typically applied single improvement methods such as Six Sigma, VSM, or HFMEA to improve the specimen handling process, while our study innovatively incorporates several quality management tools to conduct the process analysis and achieve better results. Inconsistency  12  3  3  1  1  0  0  0  0  0  between the  specimen and  requisition form  Requisition  8  2  6  1  0  0  0  0  0  0  form  Total  182  95  24  7  5  2  3  2  0  0 After the implementation of the project, the surgical pathology specimen safety of the hospital was improved tremendously. The specimen rejection rate (by the receiving department) was reduced from 0.92% to 0%. The sign-out and surgical safety were also ensured, as proved in the previous studies [10, [14] [15] . On the other hand, adopting the barcode technology not only reduced medical errors but also promoted the patient safety [10, [14] [15] . However, few studies have integrated VSM/HFMEA into Six Sigma methodology to monitor the effectiveness of barcode technology-driven process reengineering. Moreover, we embedded the dynamic process in surgery specimen management system (SSMS) to record the information at each node and tracked specimen. The electronic information system can reduce the redundant transcription and prevent time-consuming paperwork. The innovation of our study is that the applied system is able to collect indices automatically and provide references for managers to monitor analyses, so that they can grasp the dynamics of specimens in real time through the intranet and provide a communication platform for related personnel. SSMS with the application of barcode technology can improve surgical specimen handling workflow and track the process in real time.
After implementation, we analyzed the time and cost saved and found that the cost saving from rejection handling, potential medical compensation, and other medical expenses per year was $1,900. In addition, the incidents of medical dispute, erroneous diagnosis, and missing specimen can be more effectively prevented. The medical personnel can save 175 h per year in handling specimen rejections. The PCE was enhanced from 8.06% to 11.62%.
CONCLUSION
Specimen handling is a complicated process and critical safety issue in hospitals. Few studies have analyzed the process of surgical specimen collection and transport. Our study applied the proactive risk analysis of HFMEA, VSM, and Six Sigma to provide useful information for remodeling and enhancing the surgical specimen handling process. The establishment of SSMS was proved to be effective in reducing human errors, thereby improving the safety and efficiency of surgical specimen handling. Our experience and strategy may be applied to inter-hospital specimen transportation in the future. Though the risk has been significantly reduced in the study hospital after the intervention, due to the different potential risks of individual hospitals, the risk analysis for the study hospital may not apply to others; this is a limitation of the current study. However, the analysis tools and process re-engineering of this study can be the reference for other hospitals. 
